Three Keggin-based metal-organic frameworks (MOFs) containing multi-nuclear silver subunits, [Ag 7 (ptz) 3− polyanions are incorporated. The rigid tetrazole-based ligand ptz − plays an important role in the formation of the multi-nuclear subunits of the title compounds. The electrochemical properties of compound 1 and the photocatalytic properties of compounds 1 and 3 have been investigated.
Introduction
Polyoxometalates (POMs), as a kind of discrete metal oxide clusters with abundant structural diversity, have received great attention in recent years [1 -3] . Among the many types of POMs, the Keggin-type polyanions, possessing diverse electronic, magnetic, photochemical, and catalytic properties, have been regarded as important inorganic building blocks or templates to construct novel metal-organic frameworks (MOFs), and many high-dimensional frameworks have been obtained [4, 5] . To our knowledge, however, POM-supported MOFs containing multi-nuclear metal clusters are still relatively scarce [6, 7] . Thus, there is a challenge to reasonably design and construct novel POM-based MOFs with multi-nuclear metal clusters and Keggin polyanions.
The appropriate selection of transition metal ions and organic ligands may induce the formation of multinuclear structures. Ag I as a d 10 transition metal cation exhibits various coordination modes and can form multi-nuclear metal clusters with ease [8 -11] . Therefore, for this work, we have selected Ag I salts as reactants aiming at the construction of multi-nuclear Ag I clusters. On the other hand, the structure of organic ligands is essential for the construction of multinuclear clusters. Ligands with many adjacent coordination sites usually tend to favor multi-nuclear clusters, because the concentration of coordination sites conduces to collect metal ions. In our previous work, we have employed flexible bis(tetrazole) ligands as the organic moieties and obtained a series of novel complexes based on Keggin polyanions and Ag Ibis(tetrazole) multi-nuclear subunits [12 -15] in which the ligands just meet the character required for forming multi-nuclear clusters. We also introduced 1H-1,2,3-benzotriazole into the POM system and obtained two 2D POM-based networks containing multi-nuclear clusters [16] . In order to continuously explore the role of rigid multi-dentate N-donor ligands in the POMmulti-nuclear cluster system, for this work, we have selected 5-(4-pyridyl)-tetrazole (ptzH) as a rigid organic moiety with four adjacent N donors (Scheme S1 in the Supporting Information available online; see note at the end of the paper for availability) to enhance the capacity of collecting metal ions, aiming at investigating whether multi-nuclear subunits can be obtained in POM-based complexes. The pyridyl group of ptzH may play a role in dimensional extension. To our knowledge, only Peng's group reported several examples combining Ag-ptz multi-nuclear subunits and POMs [17] . Yan's group reported a series of POMbased complexes containing Ag-ptz metal-organic subunits, but with the N atom of a pyridyl group in different position [18] .
Herein 4 − anion in order to balance the charges. Protonation of POMs is a common phenomenon in POM-based compounds (see also the Experimental Section).
In compound 1, the SiMo 12 anion acts as a pentadentate inorganic ligand to link one Ag4, one Ag7 and three Ag6 cations, as shown in Fig. 1a . Seven crystallographically independent Ag I cations adopt four kinds of coordination geometries (Fig. 1b and Table 1 (18) • . (iv) The Ag7 cation is coordinated in a "seesaw" geometry by three N atoms from the tetrazole groups of three ptz − anions and one oxygen atom from one SiMo 12 anion with Ag-N distances of 2.210(6) -2.377(5)Å and an Ag-O distance of 2.552(4)Å. These distances are comparable to those in other Ag I compounds [21] .
In compound 1, the ptz − anions exhibit four types of coordination modes ( Fig. 2 ): a-type (green), b-type (purple), c-type (red) and d-type (blue) modes. The atype ptz − endows two N donors of the tetrazole group (N10 and N14) to fuse two Ag cations, while b-type ptz − provides three N donors of the tetrazole group to integrate three Ag cations. The c-type ptz − provides three N donors from the tetrazole and pyridyl groups to integrate three Ag cations. The d-type ptz − is a highly efficient ligand, which offers all its N donors not only from the tetrazole group but also from the pyridyl group to coordinate with five Ag cations. The N donor atoms of the tetrazole group are in charge of collecting Ag cations, while the N atom in the pyridyl group plays the linkage role. The structural character and strong coordination ability of the ptz − anion promote the for- 5 ]. There are also many face-to-face aryl packing interactions between pyridyl groups of the ptz − anions, which can be viewed as an important factor for stabilizing the multi-nuclear structure (Fig.  S2) . These π-π stacking distances vary from 3.6 to 3.9Å.
The multi-nuclear subunits [Ag 5 (ptz) 5 ] are connected through sharing the same ptz − anions, leading to the formation of a multi-nuclear chain (Fig. 3a) . These chains are connected via Ag1 cations to form 2D grid-like networks (Fig. 3b, Fig. S3 ), which are further extended into a 3D MOF with large channels by an Ag6-ptz linkage (Fig. 3c) . The SiMo 12 anion, acting as a five-connected inorganic ligand, offers five terminal oxygen atoms to coordinate with the Ag I cations of the 3D MOF and resides in the "distorted" rectangular channels (Fig. 4) .
It is noted that the channels of the 3D MOF are double-occupied by Keggin SiMo 12 group reported a double-Keggin POM-templated, molybdenum-oxide-based inorganic-organic hybrid compound [22] . Our group also reported two metalorganic complexes based on double Keggin-type polyoxometalate templates [23] . The formation of the multi-nuclear framework of 1 has thus proven that the synthetic strategy for preparing POM-supported MOFs containing multi-nuclear clusters is rational.
Crystal structures of compounds 2 and 3
In order to further explore the influence of different Keggin polyanions on the POM multinuclear cluster system, we selected different Keggin polyanions as inorganic ligands, aiming at obtaining new POM-supported MOFs containing multi- Crystal structure analysis reveals that compound 2 contains eight crystallographically independent Ag I cations, five ptz − anions, two coordinated water molecules, and one AsW 12 anion, as shown in Fig. 5a . The Ag I cations show three types of coordination modes, and the ptz − anions exhibit four types of coordination modes (Table 1) . In compound 2, six Ag I cations are connected together through five ptz − anions to generate a hexa-nuclear subunit [Ag 6 (ptz) 5 ] + (Fig. 5b) . The hexa-nuclear subunits are connected to form chains, which are further linked by Ag I cations to construct a 3D MOF, where AsW 12 polyanions reside as hexa-dentate ligands (Table 1) .
Compound 3 consists of seven Ag I cations, five ptz − anions, one coordinated water molecule, and one AsMo 12 anion (Fig. S4) . Although crystals of compound 3 possesses the same space group and dimensions and the same 2D Ag-ptz layer as those of the reported compound [Ag 7 (ptz) 5 (Table 1) .
IR spectra
The IR spectra of compounds 1 -3 are shown in [24] . The bands at 1456 -1698 cm −1 are characteristic of the ptz − anions for 1, at 1460 -1698 cm −1 for 2 and at 1450 -1695 cm −1 for 3 [25] .
TG analyses
The thermogravimetric (TG) analyses of 1 -3 were carried out in flowing N 2 with a heating rate of 10 • C min −1 in the temperature range of 20 -800 • C, as shown in Fig. S6 
Photoluminescence spectra
The fluorescence properties of compounds 1-3 and of the free ptzH molecule have been investigated at room temperature. The ptzH molecule shows a strong emission at 350 nm upon excitation at 330 nm, which may be assigned to the intraligand charge transfer (Fig.  S7, inset) . As shown in Fig. S7 , for compound 1, the maximum emission peak is observed at 438 nm upon excitation at 350 nm. When excited by 360 nm light, compound 2 displays a strong emission band at 468 nm, while the emission band of compound 3 is at 457 nm upon excitation at 350 nm. Compared with free ptzH, the significant red-shifts for compounds 1-3 may be due to the deprotonation of ptzH and the coordination of the ptz − anions to the Ag I cations, which decreases the HOMO-LUMO separation of the title compounds [18] .
Electrochemical properties
The electrochemical properties of compound 1 as a bulk-modified carbon paste electrode (1-CPE) was investigated in 0.5 M H 2 SO 4 aqueous solution at different scan rates. As shown in Fig. 6a , in the potential range of +700 to −150 mV, there exist three reversible redox peaks I-I , II-II and III-III , with the mean peak potentials E 1/2 = (E pa + E pc )/2 of +299, +189, and −19 mV (scan rate: 80 mV s −1 ), corresponding to three consecutive two-electron processes of the SiMo 12 anion [15] . The peak potentials change gradually following the scan rates from 20 to 400 mV s −1 : the cathodic peak potentials shift towards the negative direction and the corresponding anodic peak potentials to the positive direction with increasing scan rates. When the scan rates are lower than 400 mV s −1 , the peak currents are proportional to the scan rates, which indicate that the redox process of 1-CPE is surface-confined (Fig. S8 ). It's well known that POMs are excellent electrocatalytic materials [23, 26, 27] . In this work, we found that 1-CPE has good electrocatalytic activity toward the reduction of nitrite, as shown in Fig. 6b . With the addition of nitrite, all the reduction peak currents increase, and the corresponding oxidation peak currents decrease dramatically, which indicates that all the reduced species of the SiMo 12 anions in 1 possess electrocatalytic activity toward the reduction of nitrite. Hence compound 1 may be used as a potential electrocatalyst. 
Photocatalytic activities
With the rapid development of POM-based inorganic-organic hybrids, more and more attention has been concentrated on their specific properties for potential applications. POMs, as a kind of green catalysts, have been widely used in the degradation of organic dyes [28] . Therefore, the photocatalytic degradation of the organic dye pollutant methylene blue (MB) under UV light irradiation was investigated by using compound 1 or 3 as photocatalyst. A typical process is as follows: Compound 1 or 3 (150 mg) was dispersed in 90 mL MB solution (10.0 mg L −1 ) and magnetically stirred for about 30 min to ensure the equilibrium. Then the mixed solution was irradiated with a high-pressure mercury vapor lamp for 120 min, while kept stirring. 3.0 mL samples were taken out every 20 min and scanned in a UV spectrophotometer. The results have shown that the absorption peaks of MB decrease over time (Fig. 7) . The photocatalytic properties of the MB solution without compounds 1 or 3 were also investigated under the same conditions. The results show that MB degradation can be up to 71 % for 1 and 64 % for 3 after 120 min under UV light irradiation, while the absorption peaks of MB without any catalyst show no obvious change, indicating that compounds 1 or 3 as photocatalysts provide a new way for the removal of aqueous organic dye pollutants.
Conclusions
In this work, we have successfully constructed three POM-based inorganic-organic hybrids containing multi-nuclear Ag I clusters. Compound 1 shows a 3D MOF with large channels with five-connected SiMo 12 5 ] subunits in the 3D MOF. In these compounds, both the polyanions and the ptz − ligands exhibit a variety of coordination modes. The successful syntheses of these three POMs-based compounds indicate that using the rigid tetrazole-based ligand and different Keggin polyanions is an effective strategy for obtaining high-dimensional structures containing multi-nuclear metal clusters. Compounds 1 and 3 may be used as electro-and photocatalysts. Further studies on tuning the properties by constructing new POM-based multi-nuclear structures are underway.
Experimental Section

Materials and measurements
All reagents and solvents for syntheses were purchased and used without further purification. Elemental analyses were carried out with a Perkin-Elmer 240C elemental analyzer, and the FT-IR spectra were recorded on a Magna FT-IR 560 spectrometer (KBr pellets). The thermal gravimetric analyses (TGA) were carried out in N 2 on a PyrisDiamond thermal analyzer with a rate of 10 • C min −1 . Electrochemical measurements and data collection were performed with a CHI 440 electrochemical workstation connected to a Digital-586 personal computer. A conventional three-electrode system was used with a saturated calomel electrode (SCE) as reference electrode and a Pt wire as counter electrode. Chemically bulk-modified carbon paste electrodes (CPEs) were used as the working electrodes. UV/Vis absorption spectra were obtained using a SP-1900 UV/Vis spectrophotometer. 7 (ptz) 5 
Synthesis of [Ag
X-Ray crystallography
Intensity data for compounds 1-3 were collected on a Bruker Smart 1000 CCD diffractometer with Mo K α radiation (λ = 0.71073Å) in ω-and θ -scan mode at 293 K. All the structures were solved by Direct Methods and refined on F 2 by full-matrix least-squares methods using the SHELXTL package [29] . All non-hydrogen atoms were refined anisotropically. The H atoms attached to carbon atoms were generated geometrically while the H atoms attached to water molecules were not located. 12 O 40 ] 2− in 3 were not located. In these cases, the H atoms are commonly considered to be associated with the POM anions [17, 20, 30 -32] . A summary of crystal data and structure refinements for the title compounds are given in Table 2 . Selected bond lengths (Å) and angles (deg) of the three compounds are listed in the Supporting Information Table S1 .
CCDC 907616, 907618 and 907617 (1-3) contain the supplementary crystallographic data for this paper. These data can be obtained free of charge from The Cambridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/data request/cif.
Preparation of bulk-modified CPE of compound 1
The bulk-modified CPE of 1 (1-CPE) was fabricated as follows [33] : 100 mg of graphite powder and 10 mg of 1 were mixed and ground together by agate mortar and pestle for approximately 40 min to achieve a uniform mixture; then 0.15 mL paraffin oil was added and the paste stirred with a glass rod. The homogenized mixture was transferred to 3 mm inner diameter glass tubes, and the mixture was pressed into a length of 0.8 cm by the use of a copper stick. The tube surface was wiped with weighing paper, and the electrical contact was established with a copper stick through the back of the electrode.
Supporting information
A scheme of the ligand skeleton, additional crystal structure plots, IR spectra, TG curves, emission spectra of 1-3, a plot of the cathodic/anodic peak currents of 1-CPE as well as a compilation of bond lengths and angles in the crystal structures of 1-3 are given as Supporting Information available online (DOI: 10.5560/ZNB.2013-3007).
